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ABSTRACT

The observation of rapid changes in the lineshape of a hole burned in the

spectral profile of a zero-field triplet spin transition indicates that spectral

diffusion processes are occuring. A kinetic model which quantitatively repro-

duces the hole lineshape changes is used to calculate a spectral diffusion rate

constant. The diffusion rate constant depends not only on the frequency shift

(i.e., energy mismatch), but also on whether the excited molecule is deuterated,

which suggests that the energy-conserving spin-flipping porcesses responsible

for the homogeneous width are also responsible for spectral diffusion within the

inhomogeneous profile.

4•'r.--

- . c u- e



1. INTRODUCTION

In recent years many important features of energy exchange in molecular

crystals have been revealed by monitoring the loss of phase coherence induced

in zero-field triplet spin transitions using techniques such as spin-locking

[1,2] and spin echoes [3-6]. Loss of phase memory is caused by energy fluctua-

tions resulting from changes in the environment surrounding an excited system.

Energy transfer between distinct sites in a lattice can induce a loss of spin

coherence as shown by Fayer and Harris [2]1. Botter, et al. [7], reported that

the decay of stimulated echoes in an exciton band was due to wavevector excursions

induced by defect and phonon scattering, and were able to determine that the

frequency of the energy fluctuations decreased as their magnitude increased. In

cases where there is no energy transfer, such as when triplet excitations are

localized in deep, "guest" molecule trap sites, the phase memory decay time is

still found to be orders of magnitude faster than the radiative lifetime or spin-

lattice relaxation time [3,5]. The loss of phase memory in these dilute spin

systems is thus a result of spectral diffusion processes, which modulate the

triplet spin sublevel energies by way of fluctuating local fields.

Fluctuations in the local fields surrounding the excited molecule can be

caused by phonon interactions at that site in the lattice. However, it is also

thought that the perturbation of the triplet energies may be due to the coupling

of the electronic excitation to an oscillating nuclear field through the hyper-

fine interaction [5]. In their thorough study of spectral diffusion at deep

trap sites in chemnically-mixed crystals, Van 'T Hof and Schmidt [8] demonstrated

that a change in environmental nuclear magnetic moments, brought about by the

dueteration of the guest and/or host molecules, directly influenced the decay

time of Hahn spin echoes. They concluded that the spectral diffusion is caused

at least in part by rapid, energy-conserving spin flips of the host nuclei. This
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mechanism has been the subject of a number of theoretical treatments [9-12],

and was recently shown to be operative in the dephasing of optical transitions

(3 H4 - ID2 transition of Pr3+ in LaF 3) [3,14].

The effects of spectral diffusion in isolated molecule systems such as

1,2,4,5-tetrachlorobenzene (TCB) in durene are not limited to the destruction of

phase coherence. In fact, when a hole is burned into the inhomogeneous spectral

profile of the TCB triplet spin transition, spectral diffusion will cause the

hole to broaden in time. This was first observed indirectly by Leung and El-Sayed

[15], when the application of a continuous fixed-frequency microwave source

resulted in a "steady-state" hole that was broadened by spectral diffusion. Later,

Pitts and El-Sayed [16], demonstrated that the broadening of the hole-width can be

time-resolved by using a short (10 lisec) pulse of fixed frequency, followed by a

short probe pulse which sweeps the transition and maps out the spectral profile.

The shape of the hole was found to be a function of the time delay between the

two pulses.

In this paper, we report that the time-resolved hole-burning experiment can

be performed in a quantitative manner; that is, the time evolution of the hole

shape can be used to determine a spectral diffusion rate constant as a function

of the energy shift experienced by the triplet spin system. The spectral diffu-

sion rate constant is then analyzed in terms of the same processes that cause

a loss of phase coherence.

2. EXPERIMENTAL

Single crystals of zone-refined h14-durene containing either 1% M/M h2-TCB

(l,2,4,5-tetrachlorobenzene) or 1% M/M d2-TCB were grown from the melt. The

experimental arrangement is essentially the same as that described in detail by

Pitts and El-Sayed [16]. All the experiments were conducted at temperatures
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below 2.0 K and were monitored by observing phosphorescence intensity changes at

the electronic origin (3780 A) of the TCB guest molecule [17]. Since the radiative

relaxation rates for the Tyand Tzsublevels are much faster than the thirdT

sublevel [18], only the 21E1, 'Ty - transition was monitored. The resonant

microwave field was delivered by a slow wave helix suitable for optical detection.

The hole-burning experiment is carried out as follows. Two 5 psec microwave

pulses are delivered to the sample at a repetition rate of 10 Hz. The pulses

are separated by a variable delay time and are both 80 mW at the helix. The

first pulse is from a fixed-frequency source and is used to burn the hole, while

the second pulse is from a source which sweeps through the 21EI transition. The

phosphorescence response is photon-counted for 1 msec after the second pulse and

is sent to a multichannel analyzer. The memory address of the analyzer was

advanced through 512 channels as the microwave field of the second pulse was

sweeping; in this way, one spin transition spectral profile, with a hole burned

into it, was stored in the first 512 channels. In the next 512 channels, the

experiment was repeated with the fixed frequency pulse inhibited. Thus a second

spin-transition spectral profile, with no hole burned in it, was stored. The

frequency resolution for each spectrum was approximately 12 KHz per channel.

For each time delay between the microwave pulses, the signals contained in the

1024 channels was averaged for 64 sweeps; the results are similar to those shown

in fig. (1).

Each 512 channel spectrum was transferred to a PDP 11/45 computer for data

storage and analysis. The computer subtracted the unburned spectrum from the

burned spectrum and analyzed the resulting lineshape of the hole (which was

generally smoothed for visual clarity). The data file for the unburned spectrum

was also transferred to an IBM 360 computer for use as the asymmnetric, inhomo-

geneous lineshape in the kinetic model described in section 4.
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3. RESULTS

The time evolution of a hole burned into the 12EI transition of h2-TCB in

durene can be seen in fig. (2A). The linewidth (FWHM) of the hole when there is

no delay time between the two microwave pulses (the sweeping pulse immediately

follows the fixed frequency pulse), is generally about 0.73 MHz at the 80 mW

power level. Breiland et al. [5], report a T2 time of 4 psec for the Hahn spin

echo decay in this crystal (homogeneous linewidth of 80 KHz); thus the initial

width of the hole is clearly power broadened. This was confirmed by the fact

that the hole widths can be decreased by lowering the power level of the pulses.

Pitts and El-Sayed [16] were able to obtain hole-widths which were close to the

homogeneous lifetime limit; however this was after great difficulty with signal-to-

noise problems. Thus it was in the best interests of this experiment to sacri-

fice the ability to approach the narrower linewidth determined by the homogeneous

lifetime [16,19,20] in order to obtain optimum signal-to-noise ratios and time

resolution for changes in the lineshape due to spectral diffusion.

The hole width was determined for a number of delay times (e.g. 50, 100,

200, 400 sec). One can see in Fig. (2A) that after 400 usec the hole has spread

out to a width of 1.1 MHz (FWHM) and has lost 30% of its "depth". However,

the total area of the hole has changed very little on this time scale. This

is exactly the kind of behavior one expects if the frequency of the saturated

spin transitions are modulated during the 400 iisec delay by spectral diffusion.

The short timescale and conservation of hole area are features that rule out any

contribution by feeding or decay processes of the triplet spin sublevels to the

evolution of the hole shape.

The hole depicted in fig. (2A) was burned at the maximum of the inhomogen-

eous profile. When a hole was burned in the wings of the profile, the time

evolution showed not only a broadening and a filling in of the hole, but also
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a noticeable shift in the location of the hole towards the maximum of the line.

Thus it appears that the local fields tend to evolve towards the most probable

value, which is the value at the maximum of the inhomogeneous spectral line

profile.

4. KINETIC MODEL

Under conditions of constant triplet excitation and decay, the steady state

populations of the T and T sublevels are given by:

C (K + K)+KSLD LDz
+ + KSLU) SLUKS

(2) Z = C_ (K-KSU KC

(Kz + KSLD)(Ky + KSLU) - KSLUKSLD
C (K + KS U  + Ks Cy

()Z= Kz + SLD)(K y + KSLU ) - KsLuK SLD

K and K are rate constants for the decay of the two spin sublevels to the ground

y z

state (28.0 sec " and 26.0 sec- l, respectively [18]). KSLU and KSLD are the rate

constants for upward (Ty - Z ) and downward (Tz - y ) spin-lattice relaxation, and

are expected to have values of less than 5 sec -l at temperature below 2.0 K [21].

Spin-lattice relaxation between T y or T and the third sublevel Tx is neglected.

These rate constants are assumed to be independent of the local field; that is,

they are constant at any particular site in the inhomogeneous profile. Cy and

Cz are the total feeding rates to the sublevels, where Cy:Cz is roughly 1:4 [22].

As will be shown below, feeding to a particular site is assumed to be simply the

product of the total feeding rate and the site probability given by the inhomogeneous

line shape.

The inhomogeneous lineshape, which is obtained experimentally as described in

section 2, determines a set of weighting factors Ai, where Ai is the value for the

ith site or isochromat. It should be emphasized that Ai refers to the probability of

a certain site in frequency space. The population of each isochromat is therefore

given by the products of the sublevil populations, Y and Z, and the normalized weight-
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ing factors. Thus in the equations below, yi is the population of the T sublevel of

the ith isochromat, and zi is the population of the Tz sublevel of the ith isochromat:

(3) Yi = AiY

(4) zi = A.Zt1 *

(5) A. 1
i=l,n

In this way, one may divide up the total spin sublevel populations given by

equations (1) and (2) into two sets of n isochromats. Neighboring isochromats

are separated by a frequency difference Nu, which corresponds to the experimental

resolution (12 kHz per channel).

A Lorentzian "hole" centered at the jth isochromat, which has a zero-field

frequency of w,, is introduced into the inhomogeneous profile by altering the spin

sublevel populations, yi and zi, around this site in frequency space. The new

sublevel populations, yi and zi , are just linear combinations of the steady-state

populations as shown below:

(6) Yi = Dizi + (I - Di)y i

(7) zi = DiY i + (I - Di)z i

0 G 2  2•2

(Wi -Wj) +G

The initial half-width G of the hole can be set equal to the experimentally

observed value when there is a negligible delay time between the two microwave

pulses, while the depth D of the hole can be set anywhere from 0 to 1. Thus if

D = 0.5, then yj = zj at t = 0, whereas Y, = yi and zi  & zi  if i 
< <  j or i >>  Wi"

To monitor the hole profile as is done experimentally, the "unburned" spec-

.MC
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trum must be subtracted from the "burned" spectrum, as shown below in equation

(9). This difference xi is evaluated at each site or isochromat by calculating the

relative population difference between the sublevels yi and zi (burned spectrum)

and the steady-state relative population difference (unburned spectrum). The

relative changes are normalized by the lineshape weighting factor Ai of that site:

[Yi(t) - z i ( t )  Y - Z
(9) Xi(t) [. - y-+Z]Aiyi(t) + zi(t)

The t = 0 values of yi and z. are given by equations (6) and (7). The time
Si

evolution of the isochromat populations is a function of the rate constants given

in equations (1) and (2) and a new rate constant KSDF , which corresponds to the

rate at which the frequency of the zero-field transition is shifted by an amount

Ws. In our model, a change in frequency ws , induced by spectral diffusion processes,
th

is equivalent to the situation where the i isochromat has a population feeding term

which is proportional to the (i - m)th and (i + m)th isochromat populations and the

corresponding relative lineshape weighting factors. The value of m (1,2,...) deter-

mines the size of the frequency shift; that is, s - mAw. Thus the time dependences

of the sublevel populations are given by:

-yi(t) (Ky + KSLU + KSDF + zi KSLD + CyA

(10)

iA. . A.
+ [yim(t) (Ai  A Ai-2m) + Yi+m(t) (Ai + A i+2m)]KSDF

dz i  . .t = -zi(t) (Kz + K +KSDF) + Y(t) KSLU + CzAi

. A. .A.

+ [Z (t) ( ) + Zi+m(t) ( Ai+

i-in A i-2m zi++t)A i+2m O

k.
-- : ... " ' ;--
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The decay of an isochromat population due to spectral diffusion is two-fold,

since the frequency change ws = mAw can be negative or positive. For instance,

part of the (i - m)t h population undergoes a positive frequency change and decays

into the ith isochromat with a probability given by Ai/(A i + Ai.2m ) . Similarly,

part of the (i - m)t h population undergoes a negative frequency change and decays

into the (i - 2m)th isochromat with a probability of Ai2m /(Ai + Ai. 2 . Thus the

relative lineshape weighting factors are at the heart of the model, for they

reflect the probability of a population increase of a particular isochromat on

the basis of the value of the local field it represents. For the special cases

at the edges of the line, where i <2m and (512 - i) <2m, m is systematically

reduced. Also, the kinetic model does not require knowledge of the absolute orders

of magnitude of the feeding constants Cz and Cy, since the population difference

between the two levels of any particular isochromat is normalized anyway.

Numerical integration of equations (10) and (11) for specific delay times

t was performed for n = 500 isochromats with a predictor-corrector subroutine (DREBS)

provided by the IBM 360 IMSL library. Thus a total of 1000 coupled differential

equations were integrated over each time interval of interest. Evaluation of

equation (9) at time t then yields the time-resolved lineshape of the hole, as

shown in fig. (2B). A comparison with the experimental time evolution of the hole

lineshape can be easily accomplished through an analysis of the width (FWHM),

depth, and area. Thus the value of KSDF , for a particular frequency change ws

which best fits the experimental parameters can be determined.

5. DETERMINATION OF THE SPECTRAL DIFFUSION RATE CONSTANT

In the manner outlined in the previous section, the value for the spectral

diffusion rate constant KSDF is determined as a function of the jump in frequency

of the zero-field transition. Of course, in the actual experiment, changes in

frequency are not restricted to a particular value. However, the dependence shown
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an be perturbed by the hyperfine interaction with the host nuclear spins. The

euteration of the guest molecule reduces the hyperfine interaction [8] between

the guest nuclei and the triplet spins. This is evidenced by the "static" shift

'in the 21EI zero-field frequency from the h2-TCB value of 1744 MHz to d-TCB value

of 1822 MHz. (The inhomogeneous linewidth was found to change very little upon

dueteration: FWHM = 3.5 MHz for h2-TCB, FWHM = 3.4 MHz for d2-TCB). Thus deu-

teration not only changes the static zero-field frequency but also reduces the

:strength of the coupling between the triplet spins and the oscillating field pro-

duced by the nuclear spins of the host.

It is interesting that the magnitude of the reduction of KSDF (factor of eight)

pon dueteration of the guest appears to be about the same as the magnitude of reduc-

tion of the Hahn spin echo decay rate (factor of 6) measured in the quinoline/durene

crystals Van 'T Hof and Schmidt [8], even though there are more protons (or deuterons)

on the quinoline molecule (C9NH7 ). We also observed, just as Van 'T Hof and Schmidt

did, that at temperatures below 2.0 K, there appears to be no KSDF temperature depen-

dence. The latter observation thus indicates that the host nuclear spin-flipping

process which is causing the fluctuations in the local fields surrounding the triplet

spin must be an energy-conserving spin-spin relaxation.

To conclude, we would like to point out another interesting feature of the

hole-burning results. Hu and Hartman [12] developed a model whereby they could

relate the time dependence of Hahn spin echo decays to an average nuclear flip-

ping rate W of the host spins and a guest frequency-shifting termrAwl 2 (HWHM),

which is related to W in various ways, depending on whether the time scale of

the Hahn echo experiment is fast or slow relative to W. Van 'T Hof and Schmidt [8] found

that the echo decay times for the quinoline in durene crystals were roughly

xponential and that 2W 2 0.25 Awl/ 2. The frequency shift tjwl/ 2 of the guest

iplet spins caused by the flipping host nuclear spins was in turn related to) jI
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* 1/32.
the echo decay time T2 by the function 1/2 = /T We can follow in the

footsteps of Van 'T Hof and Schmidt and calculate W and A1w/ 2 for the h2-TCB in

durene crystal from the 4 psec T2 time measured by Breiland et al. [5]

Thus if T2 = 4 psec, then AW1/ 2 = 117 KHz; when one locates this frequency shift on

the curve in fig. (3), the best-fit value of KSDF is 1.5 x 104 sec 1. This is

remarkably close to the calculated nuclear flipping rate W = 0.125 Aw1/ 2 
= 1.46 x

10 sec-1 . Thus it does indeed appear that the time evolution of a hole burned in

the inhomogeneous profile of triplet spins is intimately related to the nuclear

spin-flipping processes which determine phase memory time.
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FIGURE CAPTIONS

Fig. (1) (A): First 512 channels of 1024 channel signal averager after 64 sweeps.

A hole appears at 1744.08 MHz because a 5 usec microwave pulse,

fixed at that frequency, immediately preceeds the 5 psec sweeping

pulse. The delay time between the 80 mW pulses is less than 1.0

psec.

(B): Second 512 channels of signal averager after 64 sweeps. The

fixed frequency pulse is inhibited, thus the steady-state "unburned",

asymmetric lineshape of the transition appears.

(A-B): Computer substraction of data set B from set A, resulting in the

profile of the burned hole. The difference spectrum is also

smoothed by the computer (5-point smooth).

Fig. (2) (A): Comparison of hole profiles at different delay times between the

fixed and sweeping microwave pulses. The deeper, narrower hole

is the "initial" lineshape at 1.0 usec or less delay time. The

shallower, wider hole is a result of a 400 usec delay time. Both

hole profiles were obtained by the method depicted in Fig. (1).

(B): Time development of hole lineshape calculated using the kinetic

model described in the text. The initial hole linewidth was

matched to the experimentally observed width at the minimum delay

time between the microwave pulses.

Fig. (3): Spectral diffusion rate constant KSDF as a function of the frequency

shift W of the zero-field spin transition. The dependence Is cal-

culated from the time-resolved hole profiles for h2-TCB in durene.
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